Bone fractures at the end of lay are a significant problem in egg-laying strains of hens. The objective of the current study was to identify quantitative trait loci (QTL) associated with bone mineralization and strength in a chicken resource population. Layer (White Leghorn hens) and broiler (Cobb-Cobb roosters) lines were crossed to generate an F2 population of 508 hens over seven hatches, and 26 traits related to bone integrity, including bone mineral density (BMD) and content (BMC), were measured. Genotypes of 120 microsatellite markers on 28 autosomal groups were determined, and interval mapping was conducted to identify QTL regions. Twenty-three tests representing three chromosomal regions (chromosomes 4, 10 and 27) contained significant QTL that surpassed the 5% genome-wise threshold, and 47 tests representing 15 chromosomes identified suggestive QTL that surpassed the 5% chromosome-wise threshold. Although no significant QTL influencing BMD and BMC were detected after adjusting for variation in body weight and egg production, multiple suggestive QTL were found. These results support previous experiments demonstrating an important genetic regulation of bone strength in chickens, but suggest the regulation may be due to the effects of multiple genes that each account for relatively small amounts of variation in bone strength.
INTRODUCTION
Osteoporosis is a progressive loss in structural bone and is a common problem in caged egg-laying strains of hens [60] . Welfare issues associated with osteoporosis have become more urgent due to the increasing use of battery cages, which contributes to a decrease in structural bone, leading to bone fragility and susceptibility to fracture [2, 13, 60] . It has been estimated that bone fragility is responsible for 35% of hen mortalities in caged systems [33] , and bone fractures due to production, handling, and transportation have been reported in 29% of birds that reach processing facilities [15] and 98% of birds by the end of the processing line [3] . Thus, in addition to animal welfare concerns, osteoporosis causes economic loss in the egg-laying industry due to hen mortality and a loss of a market for spent hens.
It is well established that environmental factors such as dietary calcium and the ability to exercise influence bone strength [18, 22, 29, 38] . Additionally, variation in bone strength is influenced by genetics, with heritability estimated as 0.40 [4] . Mandour et al. [32] demonstrated an increase in humerus strength following three generations of selection in a population of broilers, where selection was based on an index of bone traits measured in progeny. Similarly, Bishop et al. [4] reported a 2-fold improvement of bone strength in chickens after seven generations of divergent selection for a bone index. Although these selection experiments demonstrate that improvements in bone integrity can be made through genetic selection, they rely on measurement of traits that require euthanasia of the bird. As an alternative, our lab validated the use of dualenergy X-ray absorptiometry (DEXA) as a non-invasive tool for measurement of bone mineral density (BMD) and content (BMC) in live birds [41, 43] . Although DEXA is effective at measuring differences in bone strength among birds, it is also a time consuming and labor intensive process. These limitations of DEXA could be overcome if genetic markers for BMD and BMC are identified and incorporated into marker-assisted selection programs. Thus, the objective of this study was to investigate the genetic regulation of bone traits in chickens by conducting a genome scan for quantitative trait loci (QTL) influencing BMD, BMC, and traditional measurements of bone strength. Development of genetic markers for these traits will contribute to the improvement of bone integrity in chickens through marker assisted selection for increased bone strength.
MATERIALS AND METHODS

Comparison of BMD and BMC
Differences in BMD and BMC between layer and broiler lines were determined by measuring BMD and BMC of the tibia (methods described below) in 19 to 47 broiler and 31 to 35 Leghorn females at 10-wk intervals between 15 and 65 wk of age. Hens used for this comparison represented the same genetic lines as the founders of the F2 resource population, and were raised together under standard management conditions.
Resource populations
An F2 resource population was generated from 16 hens representing a Hyline White Leghorn primary breeding stock line, and 5 roosters from a commercial strain of Cobb-Cobb broilers. To generate the F2 population, 15 F1 roosters were each mated to two unrelated females, producing a total of 508 hens over seven hatches occurring at two-week intervals, as illustrated in Figure 1 . The complete resource population included 21 grandparents, 45 F1 parents, and 508 F2 hens. One-day-old F2 chicks were housed in wire cages with 8 chicks per cage, providing 465 cm 2 per bird. Chicks were fed a starter diet from 0 to 5 wk, a grower diet from 6 to 7 wk, a developer diet from 8 to 14 wk, and a pre-lay diet from 15 to 17 wk of age. Compositions of these diets have been published previously [43] and included 0.90%, 0.81%, 0.72%, and 2.62% calcium, respectively. At 17 wk of age, each bird was transferred to an individual laying cage (1084 cm 2 /bird) and at 18 wk of age each bird was photo-stimulated and fed a breeder diet (1295 kcal·kg −1 metabolizable energy; 16.03% crude protein; 0.46% non-phytate phosphorus; and 2.98% calcium). Feed intake was restricted based on average bi-weekly body weight of each hatch, beginning when the hens reached 6 to 16 wk of age ( Fig. 1) . A batch of feed containing no limestone (1.0% Ca) was unintentionally fed for 12 d during the experiment. This occurred at different ages for the seven hatches, as illustrated in Figure 1 .
Measurement of phenotypes
Traits of primary interest were BMD and BMC, which were measured on the left leg (tibia and fibula) and wing (humerus) at 35 and 55 wk of age. Measurement of BMD and BMC by a densitometric scan using DEXA (Model No. 476D014; Norland Medical Systems, Fort Atkinson, WI) has been described and validated previously [41] [42] [43] . Using the densitometric scans, length of the bone was measured from the proximal to distal end of the bone, and width of the bone was measured at half of the length. These measurements were analyzed as individual traits, and used to adjust BMC for size of the bone, giving BMD in units of g·cm −2 . Individual BW was recorded at the time of each bone scan. Traditional measurements of bone breaking strength were taken at 60 wk. Birds were euthanized using carbon dioxide, the tibia was excised Figure 1 . Timeline of data collection and management of F2 population. All bone scans were conducted at 35 and 55 wk of age using a Norland pDexa X-ray bone densitometer, as specified by black triangles. Body weight was measured weekly through 6 weeks of age, as indicated by the solid black box. Feed restriction based on average bi-weekly hatch weights was initiated at different ages, as indicated by black arrows. A batch of feed that was deficient in limestone was fed for 12 days, as indicated by the shaded bar. Hens were euthanized at 60 weeks of age, and the right tibia was collected for traditional measurements of bone strength. and wrapped in 0.85% saline-soaked gauze and frozen at -7 • C until analysis of bone traits, as described previously [41] . Bone stress, strain, and modulus of elasticity were calculated as described previously [10] . A complete list of phenotypes evaluated and their units of measurement is provided in Table I . Additionally, individual egg production was recorded from the time birds were placed in laying cages (17 wk) until the experiment was terminated.
Genotyping
Genomic DNA was extracted from whole blood using a standard proteinase K, salting out, and ethanol precipitation protocol. A total of 120 microsatellite markers was selected from a set of 147 markers of the Comprehensive Mapping Kit #7 supplied by the US Poultry Genome Coordinators (http://poultry.mph.msu.edu). Selection of markers was based on optimization for PCR and level of polymorphism in the grandparent population. Individual PCR for all microsatellite markers were performed in a reaction containing 50 ng genomic DNA, 190 nM forward and reverse primers, and 2.5X Eppendorf MasterMix (Brinkmann Instruments, Inc., Westbury, NY) in a total reaction volume of 20 µl. Thermal cycling conditions for all primers in degrees centigrade were: 95 
Data analysis
The BMD at 6 ages (15 to 65 wk) of hens representing the grandparent lines were analyzed as a split plot with repeated measures using a mixed model (SAS [40] ) with strain of bird included a fixed effect, and BW as a covariate. The whole plot was the strain of bird in which the tibial BMD of the broiler and Leghorn were compared. Differences of least square means were used to partition means for significant interactions. Phenotypic correlations among traits in the F2 population were determined using the CORR procedure in SAS [40] . Linkage analyses were performed using Crimap version 2.4 [14] with distances reported in Kosambi cM units. Informativeness of markers was assessed as previously described [28] and was calculated using QTL Express software [45] .
The QTL analysis was performed using the F2 least squares interval mapping method and the QTL Express software program [45] . Hatch (1-7) was included as a fixed effect in the model for all traits. To identify covariates for the QTL analysis, linear and quadratic effects of body weight and cumulative egg production on bone traits were evaluated using the GLM procedure of SAS [40] . Body weight and cumulative egg production at the time of measurement were included in the QTL analysis as linear covariates for 35 and 55 wk BMD and BMC. Body weight at 58 wk was included as linear and quadratic covariates for bone breaking force at 60 wk. Six chromosomes contained one marker per chromosome and were evaluated by analyzing QTL genotype probabilities at the marker, as generated by QTL Express, by analysis of variance using the GLM procedure of SAS [40] . Birds that were molting and not laying eggs before 55 wk of age (n = 39) were omitted from the analyses for bone traits at 55 and 60 wk of age. Test statistics for QTL effects, calculated as an F-ratio, were determined at 1 cM intervals across the linkage map. Additive and dominance effects were estimated for each putative QTL using the same fixed effects and covariates as previously described. The percent of phenotypic variance explained by significant QTL was calculated as percent difference in the residual sums of squares between the full and reduced model.
Significance thresholds were determined by permutation testing [9] using QTL Express. Suggestive QTL were defined as those with an F-ratio statistic greater than the highest 5% generated by chromosome-wise permutation testing using 10 000 permutations. Genome-wise significance was determined for each trait by conducting 1000 permutations over all chromosomes. Significant QTL were defined by an F ratio greater than the 5% genome-wise threshold. The genome-wise permutation threshold was used to determine significance of the single marker chromosomes. Confidence intervals of estimates of QTL position were defined using the bootstrap procedure [58] , based on 1000 samples.
RESULTS
Description of phenotypes
At 15 and 25 wk of age, differences in BMD between layer and broiler hens were not significant (P > 0.05). However, tibial BMD diverged following the onset of sexual maturity (20 to 30 wk) such that BMD of broiler hens was significantly greater than that of Leghorn hens from 35 to 65 wk of age (P < 0.001; Fig. 2 ).
A summary of traits observed in the F 2 population is provided in Table I . The BMD of the tibia and humerus at 35 and 55 wk of age had high positive phenotypic correlations with their respective BMC (r = 0.91 to 0.93, P < 0.001), and correlations among BMD and BMC measurements of the tibia and humerus at 35 and 55 wk of age were also significant (P < 0.0001). Positive phenotypic correlations of BW with BMD and BMC of the humerus (r = 0.32 to 0.58, P < 0.001) and tibia (r = 0.40 to 0.73, P < 0.001) were also observed. Tibia breaking force at 60 wk of age was positively correlated with BW at 35 and 55 wk of age (r = 0.42 and 0.56, respectively, P < 0.001), as well as with BMD and BMC measured at 35 and 55 wk of age (r = 0.28 to 0.74).
QTL results
Marker order in the F 2 population was conserved in our population as compared to the published chicken genetic linkage map [17] . However, four markers (ADL0019, ADL0020, ADL0037, and ADL0248) were found to be unlinked to other markers in our population and omitted from further analyses. Average marker informativeness and genome coverage for each chromosome are presented in Table II . Average distance between markers was 24.8 Kosambi cM and the total genome size estimated from the linkage analysis was 3018 cM, including an arbitrary 30 cM for each single marker chromosome.
Eight QTL tests surpassed the 5% chromosome-wise significance threshold for a BMD measurement (humerus and tibia at 35 and 55 wk; Tab. III), but no BMD QTL were significant at the 5% genome-wise level. The broiler allele of QTL on chromosomes 3, 6, 15, and 26 was associated with increased bone strength, while the layer allele of the QTL on chromosome 17 was associated with greater BMD. Three of the QTL (chromosomes 2, 6, and 27) also appeared to have important dominance effects. Nine QTL tests surpassed the 5% chromosome-wise significance threshold for a BMC measurement (humerus and tibia at 35 and 55 wk; Tab. III), but no BMC QTL were significant at the 5% genome-wise level. The broiler allele of each of these QTL was associated with greater BMC, except that QTL for TBMC on chromosomes 2, 7 and 11 appeared to result primarily from dominant gene action. Two chromosomal regions (chromosomes 2 and 27) contained suggestive QTL for at least one measurement of BMD or BMC at both 35 and 55 wk, while the remaining QTL regions influenced these traits at only one age. Nine QTL tests surpassed the 5% chromosome-wise level for at least one of the bone strength traits measured (tibia breaking force, stress, strain, and modulus of elasticity at 60 wk of age; Tab. III). In general, the broiler allele at these QTL contributed to increased bone strength, and six of the QTL exhibited primarily dominant gene action. Four of the five chromosomes that contained Table III . Summary of chromosome-wise suggestive QTL* for bone traits and body weight. ± 0.008 *Suggestive QTL are defined by an F-ratio greater than the 5% chromosome-wise threshold. 1 Trait abbreviations are defined in Table I . 2 Position of QTL relative to the first marker genotyped on the chromosome, see Table II . 3 Additive and dominance QTL effects correspond to genotype values +a, d, and -a for individuals having inherited two broiler alleles, heterozygotes, and individuals with two layer alleles, respectively. Positive additive effects indicate that broiler alleles increased the trait; negative, that broiler alleles decreased it. Dominance effects are relative to the mean of the two homozygotes. 4 % variance = percent difference in the residual sums of squares between the full and reduced model. 5 Genetic marker is located at the QTL peak.
* F-ratios exceeded 5% chromosome-wise significance thresholds defined by permutation analysis. ** F-ratios exceeded 1% chromosome-wise significance thresholds defined by permutation analysis.
QTL influencing bone strength also contained QTL influencing one or more measurements of BMD or BMC. A total of 20 suggestive (5% chromosome-wise; Tab. IV) and 19 significant (5% genome-wise; Tab. IV) QTL influencing bone size (area, length, or width of the tibia or humerus at 35 or 55 wk) was identified. Increased bone size was associated with the broiler allele for the majority of these QTL, although the effects of 11 of the suggestive QTL resulted primarily from dominant gene action.
Five QTL influencing BW at 35 or 55 wk of age were identified on chromosomes 4, 12, and 27, and four of these QTL (chromosomes 4 and 27) surpassed a 1% genome-wise significance threshold (Tab. IV). Each of the significant QTL is associated with increased BW from the broiler allele, while the suggestive QTL is primarily associated with dominant gene action.
DISCUSSION
The development of genetic maps [17] , availability of highly polymorphic genetic markers [11] , and statistical methodology appropriate for outbred populations [19] provide the tools needed to map complex traits in the chicken. A number of QTL mapping studies have been performed on crosses between genetically and phenotypically divergent lines of chickens. These studies have focused on identifying QTL responsible for body weight [39, 46, 47, 51, 52, 55] , feed-efficiency [57] , growth [7, 20, 27, 55, 57, 62] , carcass characteristics [12, 23, 24, 56] , and egg traits [27, 39, 44, 54, 59] . Other researchers have investigated specific candidate genes potentially associated with variation in traits relating to bone integrity [31, 61] . However, this is the first report of a genome scan focused on the identification of QTL influencing bone traits in chickens.
The significant difference in BMD phenotypes observed between layer and broiler lines was anticipated because these lines differ for multiple traits, including body weight. A significant positive phenotypic correlation between body weight and bone strength in chickens has been reported previously [4, 34, 41] , and was observed in the F2 resource population. However, adjusting for body weight did not remove the difference in BMD observed between the layer and broiler lines, suggesting there is a significant difference in BMD that is independent of body weight. The lack of difference in BMD at early ages (15 and 25 wk) likely reflects the earlier onset of sexual maturity and deposition of medullary bone in layer compared to broiler hens. -74 ± 56 6.3 *Significant QTL are defined by an F-ratio greater than the 5% genome-wise threshold. 1 Trait abbreviations are defined in Table I . 2 Position of QTL relative to the first marker genotyped on the chromosome, see Table II . 3 Additive and dominance QTL effects correspond to genotype values +a, d, and -a for individuals having inherited two broiler alleles, heterozygotes, and individuals with two layer alleles, respectively. Positive additive effects indicate that broiler alleles increased the trait; negative, that broiler alleles decreased it. Dominance effects are relative to the mean of the two homozygotes. 4 % variance = percent difference in the residual sums of squares between the full and reduced model. 5 Genetic marker is located at the QTL peak. † F-ratios are significant at genome-wise threshold of P < 0.05. † † F-ratios are significant at genome-wise threshold of P < 0.01.
A total of 70 tests were deemed significant or suggestive in the genome scan. Of these QTL, 17 influenced one or more measurement of BMD or BMC at 35 or 55 wk of age, 39 influenced bone size, 9 affected bone strength measured in excised bones at 60 wk of age, and 5 were associated with variation in BW at 35 or 55 wk. Previous studies also identified QTL for BW in chromosomal regions close to those found in this population [39, 46, 54] . Due to the number of traits evaluated in this study, consideration needs to be given to the issue of multiple testing. Significant QTL were defined based on genome-wise significance thresholds. As 26 traits were evaluated, 1.3 tests (0.05 × 26) were expected to be called significant by chance alone, as compared to the 23 QTL that were found to surpass the genome-wise significant threshold. Similarly, we considered 26 traits across 28 chromosomes for a total of 746 tests at the chromosome level. Our results identified 70 significant and suggestive QTL that surpassed the chromosome-wise significance threshold. Thus, it may be expected that approximately 36 of these 70 QTL represent false positive results.
The lack of identification of significant QTL for BMD and BMC traits in this population was surprising, given previous estimates for the heritability of traits relating to bone strength [4] . One factor that contributed to this result was the inclusion of BW and egg production as covariates in the analysis for BMD and BMC QTL. When analyses were completed with only BW as a covariate, a significant QTL was found on chromosome 4. When analyses were conducted without either covariate, a total of nine QTL influencing BMD and BMC surpassed the genome-wise significance threshold (chromosomes 3, 4, and 27; data not shown). However, QTL most likely to be effective at improving bone strength in laying hen populations without creating undesirable correlated responses in BW or egg production are the QTL that influence BMD and BMC independently of BW. Thus, only the QTL identified after accounting for variation in BW and egg production are presented. The identification of these QTL suggests it will be possible to improve bone strength while avoiding undesirable correlated changes in BW and egg production, but that progress based on the QTL characterized in this population may be slow.
It is important to recognize that unintentional differences in management were applied across hatches in this study. These differences include the feeding of a diet deficient in calcium for 12 days when hatches ranged in age from 30 to 44 wk, and variation in age at initiation of feed restriction (6 to 12 wk). Although hatch was included as a fixed effect in the analysis model, this would only account for differences in phenotypic means among hatches, and not account for potential genotype by hatch interactions. If such interactions exist, they would contribute to residual variance and reduce the power to detect QTL. This may partially contribute to the relatively limited number of significant QTL detected for BMD and BMC in this experiment, although it is difficult to know the true effect caused by the management differences.
The confidence intervals containing QTL identified in this study range from 9 cM to complete chromosomes, and potentially contain hundreds of genes. However, important genes associated with calcium and bone metabolism are located within these confidence intervals and deserve mention as potential positional candidate genes for the QTL. Candidate genes on chromosome 4 include albumin, NF-κB p50 precursor, and osteopontin [48, 50] . Albumin is a plasma protein that accounts for 90% of the protein binding of calcium in blood [35] . Alterations in albumin concentration in the plasma due to changes in pH of blood can affect calcium homeostasis [6] . The NF-κB p50 precursor is a component of the signaling pathway that regulates formation, resorptive activity and survival of osteoclasts, or bone resorbing cells [25, 30] . Osteopontin is a protein that is expressed and secreted by the osteoblast into the bone matrix [21] . The role of osteopontin in bone is not completely characterized; however, osteopontin facilitates osteoclast attachment to the bone matrix for bone resorption and binds hydroxyapatite, which makes up the mineral component of bone [36] .
The QTL region on chromosome 2 containing the QTL for BMD of the tibia at 55 wk of age includes the gene for bone morphogenetic protein 6 (BMP6) [16, 49] . The BMP family is involved in differentiation of osteoblasts and chondrocytes during skeletal development [26, 37] . Another candidate gene, transforming growth factor-β2 (TGFβ2), is located on chromosome 3 near the peak affecting BMD of the tibia at 35 wk of age, as well as bone breaking force of the tibia. TGFβ2 influences bone and adipose cell differentiation [1, 6, 8, 53] , and a polymorphism in the promoter of this gene has been associated with BMD and BMC of the tibia at 8 wk in a chicken population derived from a cross between broiler sires and Leghorn dams [31] .
In summary, several QTL influencing bone characteristics were identified in this study, contributing to an overall understanding of the genetic architecture regulating bone strength. Results of this study also indicate that although QTL influencing bone strength independently of BW and egg production exist, these QTL have a relatively small impact on overall phenotypic variation of traits related to bone strength, potentially limiting their application in marker-assisted selection programs.
